A major goal of metacommunity ecology is to infer the local-and regional-scale processes that 12 underlie community assembly. In dendritic ecological networks (e.g., stream metacommunities), 13 branching and directional dispersal connectivity can alter the balance between local and regional 14 factors during assembly. However, the implications of vertical habitat structure (e.g., planktonic 15 versus benthic sediments) in dendritic metacommunities remain unclear. In this study, we 16 analyzed the bacterial metacommunity of a fifth-order mountain stream network to assess habitat 17 differences in the (1) dominant community assembly processes, (2) spatial scaling of community 18 assembly processes, and (3) longitudinal variation in community assembly. Using taxonomic and 19 phylogenetic null modeling approaches, we found habitat-specific spatial patterns of community 20 assembly across the dendritic network. Compositional differences between planktonic and 21 benthic communities were maintained by divergent species sorting, but stochasticity influenced 22 assembly at local scales. Planktonic communities showed scale-dependent assembly, 23 transitioning from convergent sorting at local scales to divergent sorting at regional scales, while 24 sediment community assembly was less scale dependent (convergent sorting remained important 25 across all scales). While divergent sorting structured headwaters in both habitat types, sediment 26 communities converged in structure downstream. Taken together, our results show that vertical 27 habitat structure regulates the scale-dependent processes of community assembly across the 28 dendritic metacommunity. 29
INTRODUCTION 30
Metacommunity ecology examines the assembly, structure, and diversity of communities 31 with an emphasis on the interplay between local-and regional-scale processes (Leibold and 32 Chase 2018) . At the local scale, environmental filtering and species interactions influence 33 assembly through species sorting (Leibold 1998 , Chase et al. 2005 , which leads to similar 34 communities in similar habitats (i.e., convergent species sorting) and dissimilar communities in 35 dissimilar habitats (i.e., divergent species sorting). The metacommunity framework also 36 incorporates the effects of dispersal and stochastic processes on community assembly (Mouquet 37 and Loreau 2003, Zhou and Ning 2017) . For example, dispersal limitation can account for 38 compositional dissimilarity between communities in similar habitats, while rampant dispersal 39 can homogenize communities across dissimilar habitats due to mass effects. Therefore, species 40 sorting should play a prevailing role in structuring communities when dispersal is low but non-41 limiting. 42
While the direction of dispersal is often assumed to be random in metacommunities, 43 some ecosystems have physical features that impose directionality. For example, stream and 44 river ecosystems represent dendritic networks with hierarchical, branching connectivity that 45 constrains and directionally orients dispersal ( Fig. 1A) (Grant et al. 2007 , Brown et al. 2011 Carrara et al. 2012, Altermatt 2013) . As a result, some sites in dendritic networks are more 47 isolated and less connected than others. For example, headwater streams are separated by 48 elongated dispersal routes along the stream network that may exceed dispersal capabilities of 49 some organisms. At the same time, dispersal is counteracted by prevailing downstream flows 50 that further reduce headwater connectivity with the metacommunity (Brown et al. 2011, 51 Altermatt 2013, Tonkin et al. 2018) . Many headwater communities (e.g., benthic 52 macroinvertebrates) are assembled by species sorting, while downstream communities show 53 greater environmental mismatch due to high rates of dispersal from upstream (i.e., mass effects) 54 (Brown and Swan 2010, Tornwall et al. 2017 ). However, different patterns have been 55 documented for other taxonomic groups with limited upstream-dispersal vectors, such as 56 passively dispersing microorganisms. For these communities, headwater assemblages experience 57 high rates of immigration from surrounding terrestrial ecosystems that can disrupt species sorting 58 Another feature of dendritic systems that is not considered by classical metacommunity 63 theory is that they commonly exhibit vertical habitat structure (Fig. 1B) . In streams, planktonic 64 organisms inhabiting the water column experience vastly different physical environments than 65 benthic organisms living in the sediment matrix of the streambed (Hart and Finelli 1999 bacterioplankton presumably have high dispersal rates that increase the potential for mass effects 75 or stochastic processes, while bacteria in sediment biofilms disperse downstream intermittently 76 (Leff et al. 1992) , increasing the potential for species sorting (Fig. 1C ). However, the two 77 habitats are not completely separate, as planktonic-benthic mixing introduces a vertical axis of 78 dispersal allowing plankton to colonize sediments and sediment-associated bacteria to be 79 suspended in the water column (Leff et al. 1992 , Freimann et al. 2015 , which may influence 80 community structure at local scales. These habitat-specific differences in environmental filters 81 and dispersal could alter the relative importance of community assembly processes underlying 82 local and regional diversity by influencing their spatial distributions in the dendritic network. 83
In this study, we analyzed bacterial diversity in a dendritic metacommunity while 84 considering not only directional flow, but also the vertical habitat structure that influences 85 dispersal between stream sediments and the overlying water column, as well as the rate of 86 downstream movement through the network. Specifically, we analyzed planktonic and sediment-87 associated bacterial communities in a mountain stream network. Using taxonomic and 88 phylogenetic approaches, we tested whether the relative importance of community assembly 89 processes varied (1) between planktonic and benthic habitats, (2) across spatial scales, and ( (Swanson and James 1975) . Catchment topography is 101 steep with confined valleys, and precipitation filters through loamy, organic soils to the stream 102 (Harr 1977) . Streams are boulder-dominated, with step-pool, riffle-pool, and cascade reaches. Experimental Forest ( Fig. 1 ). Our sampling design was hierarchical, such that lower-order stream 113 sites were nested within branches of higher-order stream sites. Our samples spanned all five 114 stream orders of Lookout Creek, where headwaters are 1 st -order streams. We sampled major 115 confluences across the catchment. Each sampling location was geo-referenced using handheld 116 GPS. At each site, we measured temperature, pH, and conductivity in the stream using a YSI 117 6920 V2-2 water quality sonde (YSI Incorporated, Yellow Springs, OH). We preserved water 118 samples with HCl to pH 2 for chemical analyses in the laboratory. With the preserved water 119 samples, we measured total nitrogen (TN) after persulfate digestion using the second derivative 120 method (Bachmann and Canfield 1996) and total phosphorus (TP) using the ammonium 121 molybdate method (Prepas and Rigler 1982) . Dissolved organic carbon (DOC) was measured in 122 0.7-µm glass fiber filtered samples by oxidation and nondispersive infrared detection on a 123
Shimadzu TOC-V (Kyoto, Japan). These environmental variables were used to capture 124 longitudinal patterns in environmental conditions in the stream network. 125
To characterize bacterial communities, we sampled planktonic and sediment-associated 126 microbial biomass for high-throughput community sequencing at each site. We sampled 127 planktonic microorganisms by filtering 1 L of surface water onto 47 mm 0.2-µm Supor Filters 128 (Pall, Port Washington, NY) in the field. We sampled sediment-associated communities (of 129 sediment grain < 1 cm in diameter) using a sediment corer. All samples were frozen on dry ice in 130 the field and preserved at -20 °C until processing. In the laboratory, we detached bacterial cells 131 from sediment biofilms by gently sonicating 5 g of sediment in a 1% tetrasodium pyrophosphate 132 solution for 10 min in pulses of 10 sec on, 5 sec off. We then used the cell suspension for 133 downstream analysis of the sediment-associated community. 134 135
Sequence Preparation and Processing: 136
We characterized bacterial community composition by sequencing the 16S rRNA gene 137 (Caporaso et al. 2012 ). We extracted DNA from surface water samples using the PowerWater 138 DNA isolation kit (MoBio, Carlsbad, CA) and from the sediment extractions using the 139 PowerSoil DNA isolation kit (MoBio, Carlsbad, CA). We PCR-amplified the V4 region of the 140 16S rRNA gene using barcoded primers (515F and 806R) for the Illumina MiSeq platform. Per 141 each 50 µl reaction, PCR conditions were the following: 5 µl of 10X Perfect Taq Plus PCR 142 Buffer (5Prime), 10 µl 5P solution (5Prime), 0.25 µl Perfect Taq Plus DNA Polymerase 143 (5Prime), 1 µl dNTP mix (10 mM each), 1 µl 515F forward primer (10 µM), 1 µl 806R reverse primer (10 µM), and 10 ng of template. Thermal cycler conditions were 3 min at 94 °C, 30 145 cycles of (45 sec at 94 °C, 30 sec at 50 °C, and 90 sec at 72 °C), then 10 min at 72 °C. Sequence 146 libraries were cleaned using AMPure XP purification kit, quantified using Quant-iT PicoGreen 147 dsDNA assay kit (Invitrogen), and pooled at equal concentrations of 10 ng per library. We We analyzed taxonomic patterns of diversity within and between planktonic and benthic 158 sediment habitats in the metacommunity. First, we rarefied each sample to a total number of 159 10,623 reads (the smallest sample with > 10,000 reads), and relativized reads for each OTU to 160 the size of each sample using the vegan R package (Oksanen et al. 2019) . As a measure of 161 within-site (α) diversity, we used the exponential of Shannon's index, which corresponds to the 162 number of equally abundant species needed to obtain the value of Shannon diversity obtained on 163 the original data (Jost 2007) . To measure differences in community structure among sites (β-164 diversity), we calculated pairwise dissimilarities between communities using the Hellinger 165 distance (Legendre and Gallagher 2001). To determine whether β-diversity was related to 166 qualitative features of the stream network, such as habitat, stream order, and watershed, we used 167 PERMANOVA (Anderson 2001 ). We used redundancy analysis (RDA) to quantify the 168 importance of quantitative environmental variables (TP, TN, DOC, pH, elevation, conductivity) 169 for explaining β-diversity (Legendre and Legendre 2012). We used multiple regression to 170 quantify how community dissimilarity changed with increasing dendritic distance (i.e., along the 171 stream network path) between sites within and between habitat types. We calculated dendritic 172 distances in Google Earth using GIS layers of the H.J. Andrews stream network created from 173 LIDAR imaging. 174 175
Community assembly processes: 176
We used a null model approach to distinguish deterministic species sorting from 177 stochastic assembly processes across the stream network ( where ',) is the observed mean nearest taxon distance and the null distribution is 203 described by its mean ( ',) ) and variance ( ',) ). Thus, βNTI is a z-score, and deviations are 204 considered significant if | | > 2, where values greater than 2 indicate divergent sorting and 205 values less than -2 indicate convergent sorting. 206
To test for stochastic assembly in sites with non-significant βNTI values (i.e., weak 207 sorting), we compared observed taxonomic β-diversity to expectations generated by a 208 stochastically assembled null model. OTUs were randomly selected in proportion to their regional site incidence, individuals were 215 then sequentially and randomly added to local communities in proportion to their regional 216 relative abundances, and total abundances of assembled communities were constrained to match 217 observed total abundances. For each pair of sites, observed Hellinger distance was compared to 218 the site-specific null distribution to compute βRC, Hellinger: When assessing the scale-dependence of community assembly processes in the dendritic 230 metacommunity, we only compared sites that were hydrologically connected by flow (i.e., 231 hierarchical upstream-downstream linkages but not among hydrologically disconnected 232 headwaters). We calculated the dendritic distance separating each pair of sites, rounding 233 distances to the nearest log10(m) to generate discrete distance classes spanning five orders of 234 magnitude. We calculated the proportion of each assembly mechanism inferred within each 235 distance class and quantified the frequencies of community assembly mechanisms at increasing 236 spatial scales within and between planktonic and benthic habitats. In addition, we leveraged the 237 nested structure of our sampling design, evaluating patterns of diversity within the overall 238 Lookout Creek watershed and within the nested sub-watershed, Watershed 01 ( Fig. 1A) . 239
Because species sorting was the dominant process detected across scales in the stream 240 network, we examined the longitudinal variation in the magnitude and direction of species 241 sorting. Specifically, we quantified how βNTI (used to infer selection) varied with habitat type 242 (within sediments, within planktonic samples, and between habitats) and network position 243 (headwater streams versus downstream) using ANOVA. The ANOVA model was constructed 244
with βNTI values as the response variable, and with habitat type and network position as the 245 factors. We included an interaction term to test whether the effect of network position on βNTI 246 differs with habitat type. We then performed Tukey's HSD test to evaluate significant 247 differences among the factors in the model. 248
249

RESULTS 250
Patterns of α-and β-diversity: 251
Planktonic and sediment-associated bacterial communities differed in α-diversity. On 252 average, we observed 20% higher α-diversity in the bacterioplankton than in sediment-associated 253 communities (species equivalents: 1789 ± 101 in sediments, 2210 ± 131 in plankton, p = 0.002, 254 F1,47 = 10.28). Bacterioplankton also contained > 3-fold more habitat-specific taxa (i.e., taxa 255 never found in sediment samples) than sediment-associated communities (20.5 ± 0.9% unique in 256 planktonic taxa vs. 6.2 ± 0.7% unique sediment taxa, p < 0.001, F1,47 = 219.3).
Patterns of β-diversity suggest key differences in community structure within and 258 between habitat types, across stream orders, and across spatial scales. Across the network, 259 variation in bacterial community structure was explained primarily by the habitat from which the 260 samples were taken (PERMANOVA, R 2 = 0.12, p = 0.001), the stream order of the sampling site 261 (R 2 = 0.033, p = 0.002), and the spatial extent of the drainage basin (i.e., spanning the entire 262 Lookout Creek watershed or the smaller, nested Watershed 01) where the samples were collected 263 (R 2 = 0.04, p = 0.004). Redundancy analysis (RDA) detected a separation between 264 bacterioplankton and sediment samples along RDA1, which explained 12% of the variation (Fig.  265 2). Along RDA2, samples separated along a gradient that captured elevation and resource 266 availability. Specifically, we identified communities that clustered in high elevation sites with 267 relatively high dissolved organic carbon (DOC) concentrations and communities that clustered in 268 low elevation sites with higher total phosphorus (TP), total nitrogen (TP), conductivity, and pH. 269
Sites in Watershed 01 also clustered together along RDA2 more tightly than sites dispersed 270 across the broader Lookout Creek watershed. 271
As expected, spatially isolated sites in the dendritic network were more compositionally 272 dissimilar than nearby sites (Fig. 3) . However, the rate of increase in dissimilarity was habitat-273 dependent and was more gradual in sediment than in planktonic communities. In contrast, 274 community dissimilarity between different habitat types was consistently higher than within-275 habitat differences from local (y-intercept) to regional scales (~ 10 km). 276 277
Scale-dependent community assembly: 278
Bacterial community assembly in the Lookout Creek stream network was habitat and 279 scale dependent. Overall, hydrologically connected communities predominantly showed evidence of convergent or divergent species sorting (620/696 = 89% of comparisons), with some 281 evidence for stochastic assembly (54/696 = 7.8% of comparisons) or dispersal limitation (18/696 282 = 2.6%) ( Fig. 4) . Detection of mass effects, except at small spatial scales, was comparatively low 283 (4/696 = 0.6% of comparisons). Within communities of the same habitat type, convergent 284 species sorting was the dominant process (sediments: 88/134 = 66%; plankton: 142/214 = 66%). 285 Sediment communities showed strong signatures of convergent species sorting across all spatial 286 scales in the catchment (1 m to 10 km), with divergent species sorting playing a relatively 287 smaller role. Within sediments, mass effects were detected at local scales (< 10 m) and stochastic 288 effects emerged at broader (> 1 km) scales. Planktonic communities also showed evidence for 289 convergent species sorting, but we detected divergent species sorting (32/46 = 70% of 290 comparisons > 1 km apart) and dispersal limitation (6/46 = 13% of comparisons) at broader 291 spatial scales. Between communities in different habitats, divergent species sorting was the 292 dominant assembly mechanism (294/348 = 84% of comparisons), with strong stochastic effects 293 detected at smaller spatial scales (< 100 m). 294 295
Longitudinal trends in community assembly: 296
Different positions in the dendritic network experienced variable strengths and directions 297 of species sorting depending on habitat type. Because species sorting was the dominant process 298 overall, we further investigated the direction (e.g., convergent or divergent) and magnitude (i.e., 299 absolute value) of sorting inferred by βNTI along the longitudinal dimension of the stream 300 network. We found habitat-specific trends in species sorting between headwater and downstream 301 communities (Fig. 5) . In the ANOVA model, network position, habitat, and the network position 302 × habitat interaction were all significant terms explaining βNTI in the metacommunity (Table 1) . 303
Using Tukey's test, we found that sorting in headwater communities was significantly divergent 304 (i.e., |βNTI| > 2) for all comparisons within and between habitat types (mean ± SE βNTI: 305 sediment: 8.32 ± 2.00, planktonic: 12.3 ± 1.32, planktonic-sediment: 15.2 ± 0.581). In contrast, 306 sorting in downstream communities was significantly convergent among sediment communities 307 (mean βNTI: -3.32 ± 0.054 SE), highly variable but stochastic on average among planktonic 308 communities (βNTI: -1.12 ± 0.028 SE), and significantly divergent between communities in 309 different habitats (βNTI: 11.2 ± 0.023 SE). Thus, our results suggest that the degree to which 310 communities converge downstream depends on habitat type. 311
312
DISCUSSION 313
We have shown that bacterial community assembly in a dendritic metacommunity 314 depends on vertical habitat structure, spatial scale, and network position. Overall, species sorting 315 was the predominant assembly mechanism across the stream network, but the direction (e.g., 316 convergent versus divergent) and magnitude (i.e., βNTI absolute value) of species sorting varied 317 across space. Divergent species sorting maintained compositionally distinct planktonic and 318 sediment communities (Fig. 2-5 ), but stochastic assembly occurred at local scales (< 1 km). 319
Within planktonic or benthic communities, convergent species sorting was the dominant 320 assembly process (Fig. 4) . However, sediment-associated communities also showed evidence of 321 local-scale (< 10 m) mass effects and broad scale (> 1 km) stochasticity, while planktonic 322 communities transitioned from convergent to divergent species sorting as scale increased (Fig.  323   4) . In the longitudinal dimension of the network, we detected the strongest signal of divergent 324 sorting among headwater communities of both habitat types, while convergent sorting was most 325 evident in downstream sediment-associated communities (Fig. 5) . Thus, community assembly in dendritic metacommunities is strongly habitat-and scale-dependent, which may help reconcile 327 taxonomic differences in dendritic metacommunity organization through tighter integration of 328 spatial scale and vertical habitat structure. 329 330
Compositionally distinct planktonic and sediment-associated communities: 331
We found several lines of evidence that planktonic and sediment-associated communities 332 are compositionally distinct due to deterministic processes. First, the higher α-diversity and 333 greater proportion of habitat-specific taxa detected in the plankton suggest that many planktonic 334 taxa do not successfully colonize the streambed. Conversely, these patterns also suggest that 335 planktonic diversity is not maintained by seeding from highly diverse sediment communities, 336 perhaps because sources other than benthic sediments also contribute to planktonic diversity 337 (Battin et al. 2016 ). Across the watershed, community structure was consistently different 338 between planktonic and sediment habitats (Fig. 2) , similar to what has been reported for stream 339 differences between planktonic and benthic communities can exceed within-habitat differences at 342 larger spatial scales (Fig. 3 ). Such differences may be due to the increased stability of the 343 sediment habitat matrix relative to the water column, as well as the physiochemical 344 environmental differences between the two habitats (Hermans et al. in press). In light of these 345 results, our inferred community assembly processes (Fig. 4 ) support a prevailing role for 346 divergent species sorting between planktonic and sediment-associated communities. 347
The strength of divergent species sorting between communities in different habitats was 348 scale dependent ( Fig. 4) . At local scales, differences in community structure were partly due to stochastic processes, while divergent sorting played an increasingly large role at broader spatial 350 scales. This scale dependence may arise from variable dispersal kernels (e.g., along preferential 351 flow paths) or from vertical hydrological exchange at the stream reach scale, which could 352 generate idiosyncratic spatial variation in community structure. In our study system, it has been 353 shown that vertical hydrological exchange plays a more important role in headwaters than in 354 downstream reaches (Ward et al. 2019 ), suggesting that vertical fluxes may be responsible for 355 disrupting the species sorting process predominantly in the headwater reaches. If so, stochastic 356 dispersal may increase in importance downstream as channels widen and the relative importance 357 of vertical exchange diminishes. At broader spatial scales, divergent species sorting between 358 planktonic and benthic communities is strong enough to overcome local-scale stochasticity. 359
Thus, although most studies have examined diversity patterns within either planktonic or 360 sediment communities separately at large scales, or more intensively at small spatial scales, here 361 we show that species sorting influences community structure in both habitats in a scale-362 dependent way. 363 364
Longitudinal and scale-dependent transitions in planktonic community assembly: 365
We found mixed support for the expectation that bacterioplankton community assembly 366 is driven primarily by dispersal. On the one hand, the positive relationship between dendritic 367 distance and community dissimilarity could result from dispersal, such as local-scale mass 368 effects or regional-scale dispersal limitation, but it could also reflect species sorting along 369 divergent environmental conditions in the watershed (Soininen et al. 2007 ). Divergent species 370 sorting would be consistent with the phylogenetic patterns we observed at large spatial scales 371 (Fig. 4) . As previously suggested, immigration from terrestrial ecosystems can also contribute to 372 bacterial diversity in streams, particularly in headwater reaches (Read et al. 2015 , Savio et al. 373 2015 , Ruiz-González et al. 2015 . However, in some ecosystems, dispersal connectivity between 374 terrestrial soils and bacterioplankton may be weak and transient (Hermans et al. in press) . In our 375 study, planktonic communities transitioned from high phylogenetic β-diversity among 376 headwaters to lower phylogenetic β-diversity downstream, and from convergent species sorting 377 at the reach scale (< 1 km) to divergent sorting at the watershed scale (1-10 km). Longitudinal 378 diversity patterns reflect environmental gradients from high to low elevation sites (Fig. 2) that 379 may relate to the environmental filters that influence species sorting on drifting bacterioplankton 380 (Figs. 4-5). Thus, the water column may serve as a dispersal corridor for terrestrial-derived 381 bacteria that progressively undergo species sorting as they drift downstream. 382
Contrary to our expectations, we did not detect a strong signal of mass effects in the 383 bacterioplankton communities (Fig. 4) . We attribute this to the fact that mass effects may be 384 difficult to distinguish from convergent species sorting without direct knowledge of dispersal 385 rates because inferences of mass effects based on taxonomic homogenization ( 34, 6788'9:7; < 386 −.95) would also homogenize phylogenetic diversity (βNTI < -2) . We did, however, detect 387 dispersal limitation at the largest spatial scales (e.g., from 1-10 km), likely due to the large 388 spatial distances between high-and low-elevation sites. For example, low-elevation headwaters 389 of Watershed 01 were tightly clustered within the range of communities spanning the broader 390 Lookout Creek (Fig. 2) , which may reflect that fact that some high-elevation taxa are dispersal-391 limited with respect to colonizing Watershed 01 and vice versa. Thus, despite low power to 392 detect mass effects, our results suggest that terrestrial-derived bacteria, environmental gradients, 393 and dispersal limitation may explain changes in planktonic diversity across spatial scales and 394 from headwaters to downstream reaches of the network. 395
Sediment community assembly shows longitudinal trends in direction despite weaker scale-397 dependence: 398
In the sediment-associated communities, our results suggest species sorting may be a 399 dominant process across a range of spatial scales (Fig. 4) . First, sediment-associated 400 communities were distinct from planktonic communities across the catchment (Fig. 2) , consistent 401 with convergent species sorting favoring the colonization of a subset of taxa from the overlying 402 water column. Sediment communities also showed weaker scale-dependence in community 403 structure, as they remained more similar to each other with increasing dendritic distance than 404 planktonic communities did (Fig. 3) , potentially due to similar environmental filters acting across 405 the stream network. Indeed, convergent species sorting was identified as the dominant assembly 406 mechanism across all spatial scales of comparison ( Fig. 4 ), suggesting that, in general, sediment 407 communities consist of phylogenetically similar taxa favored by environmentally similar 408 environments. 409 However, species sorting was not always convergent in sediments across the 410 metacommunity. In particular, we observed greater phylogenetic β-diversity than expected under 411 purely stochastic assembly among headwater sites. This significant divergent species sorting 412 suggests that, despite local-scale convergence within reaches (i.e., similar communities assemble 413 within reaches, regardless of network position), different headwaters favor the assembly of 414 phylogenetically distinct sediment communities (Fig. 5 ). This divergence among headwaters may 415 reflect dissimilar resource inputs among headwaters draining different terrestrial areas, or spatial 416 variation in terrestrial sources that contribute to stream sediment assembly. The transition to 417 convergent species sorting downstream may represent longitudinal gradients in microhabitat structure (e.g., sediment size) and resource complexity (e.g., allochthonous vs. autochthonous 419 organic matter) from lower-to higher-order streams (Vannote et al. 1980 ). Interestingly, we 420 found evidence for local mass effects (e.g., 1-10 m) in the sediment communities ( Fig. 4) , which 421 may be due to high hydrologic conductivity that mobilizes fine sediments their attached bacterial 422 communities. The increasing frequency of stochastic assembly processes observed at the largest 423 spatial scales (1-10 km) could reflect the idiosyncratic effects of disturbance history (e.g., large 424 floods, debris slides, logging) that are common across the Lookout Creek watershed (Swanson 425 and Jones 2002). Thus, while divergence is common in both sediment and planktonic 426 communities among headwaters, sediment communities show weak scale-dependence, likely due 427 to a more consistent set of environmental filters across spatial scales. 428 429
Multi-layer dendritic metacommunities: 430
Our work provides an empirical demonstration that the community assembly processes 431 structuring metacommunities in dendritic networks vary not only with network position, but also 432 across spatial scales and along the vertical dimension of streams, which encompasses planktonic 433 and benthic habitats. The joint consideration of spatial scales and vertical habitat structure may 434 be crucial to resolving taxonomic differences in diversity patterns in dendritic metacommunities 435 
